In Poland there are some special regions in which the natural background radiation is obviously higher than in neighboring areas. This paper presents a review of recent radiation measurements taken in the Polish environment. Natural sources including radon, potassium, uranium and thorium as well as artificial sources such as cesium are characterized. Their contribution to the annual radioactivity dose rate is described.
I INTRODUCTION
Radioactivity present in the earth, building materials and from cosmos is usually categorized as radioactivity from natural sources. This statement suggests that it is a natural phenomena and harmless. Geological structures, building materials and human activity have an influence on the degree of health risk due to radioactivity. The consequential biological effects depend on the total radiological dose. Whether the source is natural or artificial is of no significance.
The main sources influencing radiological dose come from heavy radionuclides that come from two major radionuclide chains: uranium-radium and thorium. Potassium 40 K and artificial 137 Cs (resulting from the Chernobyl Accident) can also be significant sources. The average exposure to radiation sources for the Polish population is shown in Table 1 .
Sources of nuclear contamination in the environment are mainly natural sources (radon and radon progeny). The exposure for Polish people from natural sources in 2006 (2.48 mSv) is very similar to average worldwide exposure given by UNSCEAR (2.4 mSv).
Nuclear bomb tests during the 1960's and the Chernobyl Accident in 1986 contributed 0.32 mSv to the exposure, but in 2006 their contribution was only 0.008 mSv. In fact, Poland did not receive much radiation from these sources and whatever Poland received has now decayed. Deposition of 137 Cs after the Chernobyl Accident in Poland was 1.2 PBq (1 PBq = 10 15 Bq) whereas in Ukraine it was 13 PBq and in Belarus 15 PBq. The range of deposition was different for many European countries, varying from a low of 0.053 PBq in Belgium up to 29 PBq in the European part of Russia.
II NATURAL RADIOACTIVITY AND THE GAMMA DOSE RATE
The content of natural radionuclides in the soil is very important because they contribute significantly to the collective dose of the population.
The most recent investigations in Poland show that the mean concentration of 226 Ra to be 24 Bq kg 1 , which is much lower than the worldwide average of 35 Bq kg 1 . On the other hand the average level for 40 K is 399 Bq kg 1 . This is very similar to the worldwide average of 400 Bq kg 1 . A maximum 226 Ra concentration of 132 Bq kg 1 was registered in the southeastern part of Poland (Sudety mountain regionJakuszyce, Szklarska Pore,ba, Karpacz). Soil in Poland is relatively deficient in thorium. The mean value for 232 Th ( 228 Ac) was found to be 23.3 Bq kg 1 . This is about 20% lower than the worldwide average of 30 Bq kg 1 . The concentrations of uranium, thorium and potassium in the soil are strongly affected by geochemical processes.
In some countries the natural radiation level is higher than the average worldwide background level. The world population-weighted average of the absorbed dose rate is 59 nGy h 1 .
The average values range from 18 to 93 nGy h 1 . A typical range of variability for measured absorbed dose rates in the air is from 10 to 200 nGy h 1 . There are various causes for these elevated exposure levels. Some are because regions have high levels of thorium in the soil (Guarapari in Brazil, Yangiang in China, the states of Kerala and Madras in India, and the Nile delta in Egypt). In other areas high levels can be found in volcanic soils (Mineas Gerais in Brazil, Niue Island in the Pacific, and parts of Italy) as well as in granitic and schistic rocks and sands (Central Massive in France). Uranium minerals in the soil also influence exposure levels (south part of France and Hungary), as well as the 226 Ra deposited from the waters flowing from hot springs (the areas of Ramsar and Mahallat in Iran) . 1, 2) In Poland the average value of the gamma dose rate is 41.9 nGy h 1 . If the cosmic component is included it is 75.5 nGy h 1 .
3 ) The highest outdoor values (more than 100 nGy h 1 ) for the gamma dose rate were observed in the south and southwest areas of Poland. This value is connected to either the high levels of natural radionuclides in the soil or the high value of the cosmic components (i.e. one of the measurement points was located 1520 m above sea level and the cosmic radiation was measured at 50.4 nGy h 1 ).
III RADON
Radon is the most significant natural radioactive factor that has harmful effects on the human population. Radon's contribution to the average annual effective dose equivalent is estimated to be 40% for the Polish population, 4) and is an important subject for any investigation that aims to reduce the hazards of lung cancer.
Indoor radon levels
In Poland the radon level in homes is not legally regulated, so unfortunately, no national general survey of the radon levels in dwellings has been carried out.
From the data collected by CLOR (Central Laboratory for Radiation Protection) the mean 222 Rn concentration in Poland's dwellings is 49.1 Bq m 3 . 4) The UNSCEAR report sets it at 41 Bq m 3 . Map of local annual mean radon concentration values is presented in Fig. 1 . These quantities assume a slightly higher value in the mountainous regions of southwest Poland. The highest indoor 222 Rn levels have been found in the area of Jeleniogórska Kotlina, Wal brzych and Kowary.
The mean values in the dwellings in Jelenia Góra and Kowary were found to be as high as 167 Bq m 3 7) and 375 Bq m 3 8) , respectively. Also, in the Suwalki and Olsztyn regions in north-eastern Poland the radon concentration is slightly higher. The mean levels for them were found to be 70 Bq m 3 9) and 56 Bq m 3 10) , respectively. The northwestern part of Poland, which is a geologically homogeneous region, shows a median value 33.4 Bq m 3 . 11 ) The concentration depends on the geological structure of the site on which the house is built and also on the materials used to construct it. In Poland the radon problem is particularly significant in the Sudety region 5) where the occurrence of radon-prone areas is most likely due to known uranium and radium rich soils in the area. The geological structure of the Sudetes is complicated, especially because of the occurrence of crystalline rocks that have high uranium content as well as other rocks that contain deposital concentrations of this metal. Additionally, the region has many tectonic faults on the surface. 6) The highest radon concentration measured for inhabitants that spend about 80% of their time in closed spaces come 12) from 222 Rn. The annual effective dose is about 9.5 mSv which is four times higher than the average annual effective dose given by UNSCEAR 2.4 mSv.
Radon in the soil
The radon concentration in buildings is not just related to the concentration of uranium and thorium in the soil, it is also connected to the physical characteristics of the soil. The radon concentration in the soil depends on many physical parameters. The internal soil structure, the grain size of the soil, the type of mineralization, as well as the pore volume, determine the value of the emanation coefficient, which is defined as the fraction of generated radon that enters the soil pores. Pressure and temperature gradients determine radon outflow from the surface. Because the value of radon concentration in buildings depends on many additional factors such as the characteristics of the building, the soil permeability, the radon diffusion coefficient, etc., 13) the relation between the radon concentration in the soil and the indoor radon concentration is rather complicated. Nevertheless, data on radon concentration in the soil are an important starting point for the assessment of the expected radon concentration in constructed buildings.
In Poland, radon measurements in the soil have been mostly investigated in regions that are expected to have high levels. Some data have been published in different papers. From 1948 to 1954 extensive radon exhalation surveys were performed in the Karkonosze-Izera Block area in southwestern Poland in order to strike uranium veins. 14) The surveys included measurements of soil gas radon concentrations at a depth of 80 cm and radon concentrations in the groundwater. During the surveys, the highest soil gas 222 Rn concentration (ca. 7,000 kBq m 3 ) was noted in Pobiedna (a closed uranium mine). Soil gas concentrations over 1,000 kBq m 3 were also recorded at six other locations in the Izera Block. Radon and thoron concentration profiles (for surface air and at sampling depths of 10, 40 and 80 cm) have been determined in some recent studies. High concentrations of both 222 Rn and 220 Rn were measured at a depth of 80 cm, as expected. The highest concentration of 222 Rn, higher than 1 MBq m 3 , was also recorded at Pobiedna. 15) In Poland, high 222 Rn levels were reported in a clay formation (26.5 kBq m 3 ) and in a gravel formation (39.7 kBq m 3 at a depth of 80 cm) in the Suwal ki region in northeastern Poland. 16) An average 222 Rn and 220 Rn concentration of 39 kBq m 3 and 10.8 kBq m 3 , respectively has been reported for soil gas (1 m depth) around local tectonic zones in the Krakow region in southern Poland. 17) The average radon concentrations in soil gas in the tectonic zone were found to be about three times as high as previous results from different sites in the whole of the Krakow agglomeration. 18) For the Silesia tectonic fault region, which is a disposal area for mining and industrial waste materials, the mean radon concentration in the soil gas was found to be 16 kBq m 3 with a range from 0.120 up to 66.7 kBq m 3 . 19) 3. Radon in caves Caves as well as cellars, closed mines, post-military underground structures and other underground structures are very attractive tourist sites around the world. Previous investigations have reported the occurrence of very high radon concentration in their air. Some of them are used for medicinal purposes, 20) other as tourist attractions.
Detailed studies in Polish caves have led to some interesting results. The results of the work carried out in the in the former arsenic and gold mine in Zloty Stok (Sudety region) demonstrate that well-ventilated areas along tourist routes within such structures can have very low values and that temporal variations are irregular. High concentration values for radon (up to 18 kBq m 3 ) and its decay products (up to 15 kBq m 3 ) have been recorded in sections where there was no natural ventilation. The maximum level in summer and the minimum in winter were also determined . 21) Radon concentrations in the caves of the Kraków-Cze,stochowa Upland are not high by world standards. The long-term averages for 11 caves in the region are from 55 up to 2,300 Bq m 3 with a maximum 2,400 Bq m 3 . Based on the method proposed by Denman and Parkinson in 1996, the calculation of annual doses to long-term users of the caves and tourist's guides was performed and their dose was determined to be more than 13 mSv. This means that doses to such cave users might be higher than for miners in underground coal mines, but at this time in Poland there are no legal regulations defining the threshold limit of radon concentrations in such structures. 22) 4
. Radon in water
The radon level in water from different sources has not been investigated systematically in Poland. Only in Lower Silesia, in the southwestern part of Poland, and in the southern part of that area, in the Sudety Mountains, measurements have been carried out methodically. Geological structures in this region are interspersed with the frequent occurrence of groundwater containing radon concentrations of several hundred and sometimes even more than 1,000 Bq dm 3 . These waters are used for balneological treatments in several health resorts, employing the radon dissolved in them.
As a result of the radon measurements in the groundwaters of the Polish part of the Sudety Mountains, it was discovered that the concentrations range between 0.2 and 1,600 Bq dm 3 , with a geometric mean of 107 Bq dm 3 . 23) A comparison of the measured values with values from other regions in Poland, where the maximum concentration of radon in groundwater does not exceed 38.5 Bq dm 3 and its mean value is lower than 10 Bq dm 3 24 26) show that without doubt the Sudety Mountains have elevated radon levels in its groundwaters. Radon in well water in the Kraków area was also investigated. The radon concentration was found to be below 12 Bq dm 3 , 27) which is much lower than the EURATOM reference value of 100 Bq dm 3 . 28) As a reference, in some other countries (e. g. Germany, The Czech Republic, Austria, Greece, Italy, Finland, Sweden, Japan and USA) there are known groundwaters with radon concentrations exceeding 10,000 Bq dm 3 .
IV OTHER SOURCES

Radiation in workplaces
There are only two current Polish regulations, the Atomic Law 29) and Geological and Mining Law, 30) that require the monitoring and prevention of radiation hazards from radon (especially from its short-lived decay products) in mines of all types. These regulations define the following indicators of radiation risk from natural radioactivity: i) concentration of potential alpha energy of short-lived radon daughters in the air; ii) gamma radiation dose rate; iii) concentration of radium isotopes in water; and iv) concentration of radium isotopes in sediments.
In 2006, 11 mines were inspected and the annual effective dose equivalent was found to be higher than 20 mSv.
Other workplaces such as hospitals in the northeast part of Poland as well as other types of public buildings were investigated for radon levels. The aim of the project was to determine average annual radon concentrations in hospital buildings that were erected during the last 40 years. Indoor radon concentrations were studied in connection with building age, building materials and building techniques that were used in specific years. The average radon concentrations on the ground floors of the investigated hospitals were low, from 18.6 to 24.9 Bq m 3 . 31) Low values of indoor radon concentration are very favorable in regards to radiological protection.
Radioactivity in building materials
The specific activity of building materials depends on amount of radionuclides in their composition. From 2003 in Poland specific activity indicators, which known as parameters f1 and f2 began to be used to estimate the activity in raw materials used in building materials. 32) They are given by the formula: f1 = SK/3000 + SRa/300 + STh/200 and f2 = SRa; where SK is the concentration of potassium-40, SRa the concentration of radium-226 and STh the concentration of thorium-228, all in the Bq kg 1 .
According to the Polish radiation safety standards, f1 and f2 should not exceed certain values depending on the use of the material (i. e. for buildings used for people and animal's; f1 < 1 and f2 < 200 Bq kg 1 ). Gamma-spectrometric investigations demonstrated that f1 and f2 for building materials manufactured from natural raw materials varied from 0.03 to 1.17 and 5 to 225 Bq kg 1 , for f1 and f2, respectively. Ash and slag have higher concentrations of potassium, radium and thorium, up to 1,400, 900 and 200 Bq kg 1 , respectively. For natural materials, the highest value for potassium and thorium was found in shale with values of 2,000 and 220 Bq kg 1 , respectively, and radium levels in clay were measured at 160 Bq kg 1 .
Artificial sources
The Chernobyl accident caused a large regional release of radionuclides into the atmosphere with subsequent radioactive contamination of the environment. Many European countries were affected by the radioactive contamination. The deposited radionuclides gradually decayed and moved within and between the atmospheric, aquatic, terrestrial and urban environments.
Major releases from Unit 4 of the Chernobyl Nuclear Power Plant continued for ten days, and included radioactive gases, condensed aerosols and a large amount of fuel particles. The total release of radioactive substances was about 14 EBq (as of 26 April 1986), which included 1. The highest radionuclide deposition occurred in Belarus, the Russian Federation and Ukraine, but high depositions also occurred in a number of other European countries. Most of the strontium and plutonium radionuclides were deposited close to the reactor and were associated with fuel particles. The environmental mobility of these radionuclides was lower than that of the fallout associated with condensed particles, which predominated in other areas, although the bioavailability of 90 Sr has increased with time as the fuel particles have partially dissolved. Most of the originally released radionuclides have disappeared, due to radioactive decay; 137 Cs is currently of most concern. In the long term (more than 100 years) only plutonium isotopes and 241 Am will remain. 33) The radioactive cloud resulting from this accident moved across Poland and caused radioactive fallout. As a country neighboring the area where the catastrophe occurred, Poland was strongly influenced by the fallout. The environment was contaminated and other related effects were observed.
The concentration of 137 Cs in the soil in Polish territory is shown in Table 2 . The highest cesium concentrations occur in the south part of Poland. Minimum concentrations were measured mainly at the north-west areas. Figure 2 presents the radioactive decay of cesium (T1/2 = 30.17 years) and the measured data for the surface concentration. The difference between the radioactive decay graph and the real data probably indicates that the surface levels of cesium levels decreased not only due to radioactive decay but from migration into the soil as well. In some cases cesium, from the Chernobyl power plant accident migrated down to a depth of 22 cm in the 3 years following the accident but 85% of the total amount was still present in the 0 5 cm layer. 34) 
IV CONCLUSION
UNSCEAR estimates that the current average annual natural radiation effective dose for the world population to be 2.4 mSv. Medical exposures account for 0.4 to 1 mSv of this average. Other sources contribute less than 0.02 mSv annually. While there are many natural sources of exposure a s well as many variations in the doses received by individuals and populations that are independent of human activity (such as cosmic rays), some exposure is strongly dependent on human activities. The most obvious source of natural radiation exposure that depends on human activity is the exposure to radon and thoron and their decay products. The locations of homes and buildings, the amounts of ventilation provided, and the types of construction and construction materials, all greatly affect the amount of radon and thoron individuals are exposed to.
In Poland the annual dose from natural radioactivity in most of areas is below 2.4 mSv. Only some parts of Poland, especially the Sudety area due to its geological structure, need further investigation. From the viewpoint of radiological protection, in this region controls need to be implemented to reduce exposure where possible.
